The Cpx envelope stress response of Escherichia coli is controlled by a two-component system consisting of a sensor histidine kinase (CpxA) and a cytoplasmic response regulator (CpxR). The Cpx pathway senses a variety of disturbances (e.g., pH changes, overexpression of envelope proteins such as NlpE or P pilus subunits, and alterations in membrane and/or enterobacterial common antigen synthesis) within the bacterial cell envelope and upregulates expression of a number of genes, including periplasmic protein folding and degradation factors (66) . Since all known activating signals are predicted to cause protein misfolding and the originally identified regulon members encode protein folding and degradation factors, it has been proposed that the role of the Cpx pathway is to sense changes in protein folding and respond accordingly. There are currently 50 genes in 34 operons for which experimental evidence of Cpx regulation exists (Table 1 ). Cpx regulation of some genes such as degP, dsbA, and ppiA has been confirmed by multiple laboratories (10, 16, 17, 59) ; however, for the remaining putative Cpx regulon members, a vast array of methods have been used to determine Cpx regulation, and these studies have been carried out in diverse genetic backgrounds under widely varying growth conditions. No broad-scale studies such as microarray analysis have been published to date, making it difficult to evaluate the strength of Cpx regulation of one regulon member relative to another, as well as the central cellular role of the Cpx response. Furthermore, conflicting reports have emerged concerning the effect of the Cpx pathway on some reported regulon members (23, 56) . Together these observations highlight the need for a comprehensive analysis of the proposed Cpx regulon in a uniform genetic background in response to defined Cpx-inducing cues.
In light of the diverse functions of many of the proposed Cpx regulon members, the physiological role of the Cpx stress response is becoming more ambiguous. The first-described members of the Cpx regulon encode protein folding and degradation factors directly related to the maintenance of cell envelope proteins (e.g., degP, dsbA, and ppiA). Multiple studies, including genomic profiling using a weighted matrix for CpxR binding, led to the identification of other putative regulon members that are involved in a wide array of cellular functions, including motility and chemotaxis (motAB-cheAW, tsr, and aer), protein translocation (secA), virulence (mviM), adhesion (pap operon, csgBAC, and csgDEFG), amino acid biosynthesis (aroG and aroK), phospholipid elaboration (psd), DNA metabolism (ung), iron storage and accumulation (efeU and ftnB), and the response to copper stress (ycfS, yebA, yccA, yqjA, ybaJ, and ydeH) (10, 22, 23, 37, 40, 82) . Other studies have linked the Cpx system to various complex cellular processes such as biofilm formation (62) and bacterial pathogenesis (49, 55) . These studies suggest that the cellular functions of the Cpx response may be broader than initially defined. Alternatively, some of these genes may be relatively weakly Cpx regulated and only peripherally involved in the cellular function of the Cpx response. Without a broad comparison of the Cpx regulation of all known regulon members, it is impossible to distinguish these possibilities.
To date, there have been six envelope stress responses described in E. coli (48) . Previous work has demonstrated that while the E , Cpx, and Bae envelope stress responses appear to have unique functions in outer membrane protein (OMP) biogenesis, periplasmic protein folding, and efflux pump regulation, respectively, they also overlap to some extent. Overexpression of the P pilus PapG subunit in the absence of its cognate chaperone has been shown to activate all three stress response systems (45, 63) . Similarly, the Cpx, E , and Bae envelope stress responses have been shown to share some gene targets. The degP gene, encoding a periplasmic serine endoprotease, is controlled by both the Cpx and the E stress responses, although CpxR does not require E to activate degP transcription (16) . Similarly, the spy (spheroplast protein Y) gene, the function of which is unknown, is controlled by the Cpx and Bae pathways (63, 64) . It is unknown to what extent the gene targets overlap among envelope stress responses, since, with the exception of degP and spy, little work has been performed to determine if other stress regulon genes might be controlled by more than one envelope stress response.
In order to describe the relationship among the Cpx-regulated genes described to date, to better understand the physiological role this response plays in the cell, and to describe the extent of envelope stress response overlap, we characterized the transcriptional regulation of the proposed Cpx regulon using a lux reporter library. This reporter library consists of the promoter regions of 31 of the 34 experimentally defined Cpxregulated promoters that were described at the time we started this study ( Fig. 1 ; Table 1 ), fused to a promoterless luxCDABE operon on a low-copy vector (7, 49) . We used this library to examine transcriptional activation of the Cpx-regulated genes in genetic backgrounds that eliminated or constitutively activated the Cpx response and in response to inducers of the wild-type Cpx signal transduction pathway. We confirmed our experiments with the lux reporter library by using quantitative PCR (qPCR). We also determined whether known Cpx-regulated genes were controlled by the E and Bae pathways. Our studies confirmed the Cpx regulation of most genes, while we found little evidence for Cpx regulation of a few 
reported regulon members. We noted changes in the patterns of expression of some reported Cpx-regulated genes relative to those reported in the literature that may depend on strain background or growth condition. Comparison of the changes in induction of each reporter construct under Cpx-activating conditions revealed gene classes that were strongly, moderately, and weakly Cpx regulated or not Cpx regulated. Most of the strongly or moderately Cpx-regulated genes fell into two groups, those previously shown to influence envelope protein folding and the copper stress genes, functions of which are mostly unknown. Interestingly, a number of preliminary studies implicate these copper stress genes in envelope functions, including biofilm formation (5, 41-43, 68, 80) . This implication, together with our data, suggests that the copper stress genes, of mostly unknown function, may be involved in envelope protein folding in some fashion. The strength of the gene regulation by the Cpx system appears not to be defined by the position or degree of consensus of the CpxR binding site but correlates well with its position. Finally, we also show that the majority of Cpx-regulated genes are not controlled by the Bae pathway; however, curiously, there appears to be reverse regulation between the Cpx and the E responses of almost all of the FIG. 1. Evidence for Cpx regulation of the proposed Cpx regulon of E. coli MC4100. Numbers at the top indicate relative distance from the transcription start point for RNAP containing the sigma factor indicated next to the ϩ1 site. Dashed lines indicate genes for which the transcription start site is not known. In these cases, ϩ1 indicates the translational start site. Arrowheads indicate the position and orientation of the consensus CpxR binding site 5Ј GTAAAN 5 GTAAA 3Ј. The numbers within the arrowheads indicate the number of nucleotides that differ from the consensus CpxR binding site. Shaded rectangles show the locations of demonstrated CpxR binding sites. Large arrows represent transcripts for the indicated genes. Black arrows represent genes shown to be significantly Cpx regulated under both strong (cpxA24 allele) and mild (NlpE overexpression) Cpx-activating conditions; dark gray arrows show genes that show Cpx regulation only by strong Cpx-inducing cues; light gray arrows indicate genes that show Cpx regulation only by mild Cpx induction; and white arrows show genes that are weakly or not Cpx regulated (as determined in this study). Small, black arrowheads indicate the location of the upstream primer used to construct the lux reporter for that gene. Numbers on the right indicate the average differences in expression in the various indicated backgrounds relative to the wild-type or respective vector controls. The average differences shown are based on the average differences observed for at least two different experiments assaying three replicates each time. Various backgrounds tested are cpxA* (cpxA24 allele), NlpE OXP (NlpE overexpression), RpoE OXP ( E overexpression), and baeS* (baeS1 allele).
Cpx-regulated genes originally identified as those induced by copper.
MATERIALS AND METHODS
Growth media. Strains were cultivated in Luria-Bertani (LB) medium, brain heart infusion (BHI) medium, or minimal medium (M63) supplemented with 0.2% glucose, which has been previously described (52) , and grown at 30°C or 37°C with shaking. To ensure proper strain and plasmid maintenance, media were supplemented with various antibiotics when applicable, as follows: amikacin (3 g/ml), ampicillin (100 g/ml), chloramphenicol (25 g/ml), kanamycin (50 g/ml), and spectinomycin (20 g/ml) (Sigma-Aldrich Co., Canada, Ltd.).
Strains and plasmids. The strains and plasmids utilized are described in Table  2 . Strains bearing the cpxA* mutations (TR10 and TR11) were cultivated at 30°C in the presence of amikacin (3 g/ml) to prevent accumulation of revertants as previously described (65) . The lux reporter pNLP10 plasmid was derived from pCS26 (7) by expanding the multiple-cloning site (MCS) region by using the complementing oligonucleotides 5Ј-CTCGAGCGATCGGAATTCTGCAGCC CGGGTACCGGATCC-3Ј and 5Ј-GGATCCGGTACCCGGGCTGCAGAATT CCGATCGCTCGAG-3Ј (underlined sequences refer to the XhoI and BamHI sites, respectively). The oligonucleotides were annealed and inserted into the XhoI/BamHI sites of pCS26. The promoter regions of various genes were cloned via PCR and cloned into the MCSs of the pNLP10 vector to create the lux reporter library. The primers utilized to amplify promoter regions of interest are listed in Table 2 and are indicated in the context of the relevant promoter in Fig.  1 . Each amplified promoter region contains the proposed CpxR binding site(s), the Ϫ35 and Ϫ10 boxes, and the translational start site of each gene. To ensure proper cloning of each promoter region into the lux pNLP10 reporter plasmid, the cloned promoter of each construct was PCR amplified using the primers pNLP10-F (5Ј-GCTTCCCAACCTTACCAGAG-3Ј) and pNLP10-R (5Ј-CACC AAAATTAATGGATTGCAC-3Ј). These primers amplify the MCS region of pNLP10. Each PCR product was purified according to the manufacturer's protocols using a QIAquick PCR purification kit (Qiagen, Inc.), and sequencing was performed with the PCR products, using a DYEnamic ET terminator cycle sequencing kit (Amersham, Molecular Biology Service Unit, Department of Biological Sciences, University of Alberta).
With the use of standard techniques, all lux reporters were transformed into strains bearing cpx* alleles that constitutively activate the Cpx response (TR10 and TR11) (14, 65) , the cpxR1::spc null allele (TR51) (65), the NlpE overexpression vector (pLD404) (74) , and the wild-type (MC4100) and vector control strains for the NlpE overexpression vector (NLP7) (this study). Additionally, the lux reporter library was transformed into a strain overexpressing E (MB7) (16) and a strain bearing the baeS1 mutation that constitutively activates the Bae pathway (TR884) (63) (see Table 2 ).
Luminescence assay. Single colonies of each bacterial strain to be assayed were inoculated in 5 ml of LB medium with kanamycin plus additional antibiotics, when applicable, and grown overnight at 30°C or 37°C with aeration. On the following day, each culture was diluted (1:100) into fresh LB broth with the appropriate antibiotics and incubated in a 96-well plate at 30°C or 37°C with shaking. Bioluminescence counts per second (CPS) and optical density at 600 nm (OD 600 ) were measured after 8 h, using a Wallac Victor 2 multilabel plate reader (Perkin Elmer Life Sciences), at which time the culture had reached mid-to late log phase (OD 600 of 0.5 to 0.6). Each experiment was performed in triplicate and repeated at least twice. The data presented represent the mean CPS/OD 600 values and standard deviations for one experiment.
␤-Galactosidase assay. Single colonies of each strain to be tested were inoculated in 5 ml of LB broth with the appropriate antibiotics when applicable and grown overnight at 30°C or 37°C with shaking. On the following day, each overnight culture was diluted (1:50) into fresh LB or M63 broth and grown at 30°C or 37°C with shaking to late log stage (OD 600 of Ϸ0.6). Cells were harvested, and ␤-galactosidase activity was assayed as previously described by Slauch and Silhavy (73) in a 96-well microtiter plate, using a Wallac Victor 2 multilabel plate reader (Perkin Elmer Life Sciences). Each experiment was performed in quintuplicate and repeated at least twice. The data presented represent the mean Miller unit and standard deviation for one experiment.
RNA isolation and cDNA synthesis. RNA was isolated from 50-ml LB subcultures carrying the appropriate antibiotics that had been inoculated with a 1:100 dilution of an overnight culture. Strains were grown to late log stage (OD 600 of 0.8) at 30°C or 37°C with shaking, at which time two 10-ml samples were harvested and RNA was isolated using a MasterPure RNA purification kit as described by the manufacturer (Epicentre Biotechnologies). Isolated RNA was resuspended in 100 l of nuclease-free water (Epicentre Biotechnologies). For cDNA synthesis, 10 ng of isolated RNA was mixed with 10 l of 300 ng/l random primers (Invitrogen Canada Inc.), 3 l each of all deoxynucleoside triphosphates (10 mM; Invitrogen), and nuclease-free water to a final volume of 30 l. The random primers and RNA were allowed to anneal (70°C for 10 min and 25°C for 10 min, respectively). After the annealing step, the RNA-primer hybridization mixture was added to a Superscript II master mixture (Invitrogen Canada Inc.), bringing the final volume to 60 l, and incubated for cDNA synthesis (25°C for 10 min, 37°C for 1 h, 42°C for 1 h, 70°C for 10 min). The cDNA was purified using a QIAquick PCR purification kit per the manufacturer's instructions (Qiagen Inc.) and eluted in 50 l of nuclease-free water.
qPCR. Each cDNA sample was standardized to 400 pg/ml, using nuclease-free water. The qPCR primers were designed to amplify approximately 50 nucleotides of the 5Ј half of each gene of interest and are listed in Table 3 . qPCR was performed with a 96-well microtiter plate containing a 12.5-l reaction mixture of Platinum Taq (0.03 U/l), ROX and SYBR green dyes, all deoxynucleoside triphosphates (0.2 mM), DMSO (dimethyl sulfoxide; 2%), Tween 20 (0.01%), glycerol (0.8%), MgCl 2 (50 mM), KCl (50 mM), Tris (10 mM [pH 8.3]), 2.5 l of a 3.2 M stock solution of each primer, and 2.5 l of a 400-pg/ml cDNA template. The qPCR was carried out by incubation at 95°C for 15 s, followed by 60°C for 1 min. This cycle was repeated for a total of 40 times, using a 7500 Fast Real-Time PCR system (Applied Biosystems). Relative amounts of PCR product were determined by monitoring the number of cycles required to reach a threshold level of fluorescence (cycle threshold [C T ]) for each gene and subtracting this number from the C T value for an endogenous control gene known not to be Cpx regulated. We used smpA for this purpose, since we showed that a smpA::lux reporter fusion was less than twofold regulated by the strongly activated cpxA24 allele, thus indicating that it is not a Cpx-regulated gene (data not shown). The resulting delta C T s ( ⌬ C T s) for given genes were compared between the wild-type and cpxR null strains and the wild-type and cpxA24 strains to obtain delta-delta C T values ( ⌬⌬ C T s), which represent the change in gene expression between different strains. The ⌬⌬ C T values were converted to a log 2 scale to take into account the exponential nature of the PCR and to compare the quantity of PCR product of one strain with that of the other.
Copper sensitivity assay. Single colonies were inoculated into LB broth containing the appropriate antibiotics, and cultures were grown overnight at 37°C with shaking. On the following day, bacterial cells were collected by centrifugation and resuspended in 1/5 of the original volume of LB. Two hundred microliters of each culture was transferred to a 96-well microtiter plate, and serial dilutions (1:2, 1:5, 1:10, and 1:20) were made in LB broth. Five microliters of each culture (straight and dilutions) was spotted onto BHI agar plates containing 4 mM and 8 mM CuCl 2 .
pH sensitivity assay. Single colonies were inoculated into LB broth, and cultures were grown overnight with shaking at 37°C. On the following day, each overnight culture was subcultured (1:40 dilution) into LB broth with 100 mM phosphate buffer (pH 7) and allowed to grow at 37°C with shaking for 2 h. The bacterial cells were collected by centrifugation and resuspended in nonbuffered LB broth to the original volume and then diluted (1:20) into LB broth buffered with 100 mM phosphate at either pH 7 or pH 9.2. From each culture, 200 l was transferred to a 96-well microtiter plate, and the cultures were allowed to grow at 37°C with shaking while the OD 600 was monitored with a Wallac Victor 2 multilabel plate reader (Perkin Elmer Life Sciences).
Biofilm assay. The quantification of biofilm production was performed by following a previously established protocol described by Pratt and Kolter (61) . Briefly, in a 96-well microtiter plate, single colonies were inoculated into 200 l LB broth in triplicate and grown statically at room temperature for 48 h. The culture was aspirated, and wells were washed with water. Each well was stained with 1% crystal violet for 15 min at room temperature and then washed four times with water. The wells were allowed to dry for 2 h before 200 l of ethanol-acetone (80:20) was added, and the plate was shaken at room temperature for 5 min to dissolve the crystal violet from the well walls. A volume of 80 l was then transferred to a new 96-well plate, and the OD 600 was read using a Wallac Victor 2 multilabel plate reader (Perkin Elmer Life Sciences).
RESULTS
Construction of a Cpx regulon lux reporter library. We wished to study the Cpx regulon under a uniform set of conditions in order to examine the expression of the reported Cpx-regulated genes relative to one another and therefore gain more insight into the strength of the effect of the Cpx response on individual regulon members. The promoter regions of 31 of the 34 reported Cpx-regulated promoters, including the pre-dicted Cpx-regulated promoter, the transcriptional start site, and the demonstrated or putative CpxR binding site(s), were PCR amplified and cloned upstream of the promoterless lux-CDABE genes in pNLP10 (Table 1 and Fig. 1 ). We introduced the lux reporters into E. coli K-12 MC4100 strains that lacked the Cpx signal transduction pathway entirely (cpxR null strain), that contained cpxA* mutations which constitutively activated the Cpx response (cpxA24 and cpxA102) (14, 16), or that con- Primer set sequence for: tained an NlpE overexpression plasmid (74) or its vector control. We selected the E. coli MC4100 background because the Cpx envelope stress response and its first identified regulon members were originally characterized in this strain (14, 16) . We first assessed expression of the well-characterized Cpxregulated genes cpxP, degP, and rdoA-dsbA to ensure that our reporters accurately reflected the known transcriptional regulation of these genes. The cpxP::lux reporter was induced 110-, 97-, and 28-fold by the cpxA24 allele and the cpxA102 allele and by NlpE overexpression, respectively, as previously observed ( Fig. 2A) (15, 59, 65) . The levels of cpxP::lux luminescence in the absence of CpxR reflected background levels of luminescence, indicating an absence of transcription ( Fig. 2A) . This is consistent with previous reports which showed that cpxP transcription is completely dependent on the presence of CpxR (15) . Similarly, levels of degP::lux and rdoA-dsbA::lux expression dropped in the cpxR null background, although to a lesser extent, indicating that CpxR is not required for basal-level expression of these promoters ( Fig. 2B and C) , which is consistent with findings from earlier studies (16, 17) . In contrast, in strains carrying either of two different cpxA* mutations, the degP::lux and rdoA-dsbA::lux reporters showed large increases in luminescence compared to that of the wild-type strain ( Fig. 2B and C) . Similarly, the overexpression of NlpE resulted in elevated expression of the cpxP::lux, rdoA-dsbA::lux, and degP:: lux reporters, as previously shown (17) . The cpxP, degP, and rdoA-dsbA genes demonstrated the same degree of sensitivity to alterations in Cpx signal transduction as previously demonstrated, with the cpxP::lux reporter demonstrating the highest level of sensitivity to changes in activity of the Cpx pathway ( Fig. 2) (24) . Furthermore, in agreement with previous observations, we consistently observed that the cpxA24 allele stimulated the transcription of Cpx regulon members to a greater degree than the cpxA102 allele ( Fig. 2 and data not shown) (65) . As expected, given the greater range of measurement for luminescence than for ␤-galactosidase activity, we observed
, and rdoA-dsbA (C) promoters are strongly Cpx regulated. The relevant lux reporters were transformed into MC4100 (wild type), TR51 (cpxR null), TR10 (cpxA24), TR11 (cpxA102), NLP7 [MC4100(pBR322), the vector control (VC) strain for NlpE overexpression], and NLP8 [MC4100(pLD404), the NlpE overexpression (OXP) strain] (white bars). Reporter gene expression was measured at mid-to late log phase (OD 600 of 0.6 to 0.8) and reported as CPS corrected for cell density (OD 600 ). Actual CPS/OD 600 values are indicated above each bar. Each assay was performed in triplicate and repeated at least twice. The data from one experiment are reported as average CPS/OD 600 values. Error bars show standard deviations from the means.
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on February 22, 2013 by PENN STATE UNIV http://jb.asm.org/ sensitivity with our strongly Cpx-regulated lux reporters that was increased compared to that of previously studied lac reporters. For example, degP::lux expression was induced an average 106-fold by the cpxA24 allele (Fig. 2) , compared to approximately 5-to 10-fold for the degP::lacZ reporter (17) . Similarly, cpxP::lux expression was enhanced an average 26-fold by NlpE overexpression from the plasmid pLD404 (Fig. 2) compared to an approximate 6-fold increase conferred by the same plasmid on cpxP::lacZ expression (67) . Taken together, the data demonstrate that the lux reporters function as sensitive, accurate reporters of Cpx-regulated gene expression. Analysis of Cpx regulon expression. Once our gene expression assay was validated, we assessed Cpx regulation of the entire lux reporter library under the same uniform conditions. With the exception of cpxP, we noted that the cpxR null mutation did not elicit a strong (i.e., greater-than-twofold) change in gene expression for the majority of proposed Cpx regulon members (data not shown). Thus, most Cpx-regulated genes are not dependent on CpxR for expression. Therefore, we focused our attention on a comparison of levels of Cpx-regulated gene expression in the presence of two Cpx-inducing cues in the E. coli K-12 MC4100 background. One inducing condition consisted of the cpxA24 mutation and the other was the overexpression of NlpE from the plasmid pLD404 (14, 74) . It has been established that the cpxA24 allele activates the Cpx response to a much greater extent than overexpression of NlpE from pLD404 (17, 65) . Based on this analysis, we divided most promoters into one of three major groups: those that were induced or repressed (i.e., greater than twofold) by both strong and mild Cpx response induction conditions; those that were found to be induced or repressed only by the cpxA24 mutation; and those in a group of gene clusters for which we did not observe changes in gene expression in response to either strong or mild Cpx-inducing cues.
Genes affected by both cpxA24 and NlpE overexpression. Sixteen gene clusters were affected by both the cpxA24 allele and NlpE overexpression. We classified genes in this group that showed an average induction or repression of greater than twofold in the presence of the cpxA24 mutation, as well as when NlpE was overexpressed (Fig. 1 ). These Cpx-regulated genes included the above-mentioned cpxP, rdoA-dsbA, and degP genes (Fig. 2) , along with other genes that also showed positive Cpx regulation (ycfS, yebE, ftnB, yccA, yqjA, psd, spy, ppiA, and cpxRA) (Fig. 3) and genes that exhibited negative Cpx regulation (ompF, rpoE-rseABC, aroK, and efeU) (Fig. 4) .
Among the 16 gene clusters within this category, 8 have been previously implicated in protein folding stress. These gene clusters were induced or repressed 6.7-to 113-fold by the cpxA24 allele and 2.0-to 45.4-fold by NlpE overexpression (Fig. 1, 2, and 3) . In addition to cpxP, degP, and rdoA-dsbA, these included the psd, spy, ppiA, cpxRA, and rpoE-rseABC genes ( Fig. 1, 2, and 3 ). CpxP is a novel protein involved in controlling both the Cpx signal transduction and the targeting of misfolded periplasmic proteins to the DegP protease (induced 113-fold by the cpxA24 allele and 25.5-fold by NlpE overexpression) ( Fig. 2A) (9, 15, 38) . The rdoA-dsbA operon encodes the major periplasmic disulfide oxidase DsbA and a putative regulator (induced 97.9-fold by the cpxA24 allele and 5.0-fold by NlpE overexpression) (Fig. 2C) (4, 79) . degP encodes a periplasmic protease/chaperone (induced 105.9-fold by the cpxA24 allele and 2.1-fold by NlpE overexpression) (Fig.  2B) (46, 77, 78) . The psd gene product, phosphatidyl-serinedecarboxylase, is involved in phospholipid metabolism and alterations in the ratio of inner membrane phospholipids have previously been shown to affect both protein folding and the Cpx envelope stress response (induced 32.5-fold by the cpxA24 allele and 2.3-fold by NlpE overexpression) (Fig. 3F) (33, 51) . Spy is a novel periplasmic protein of unknown function that is induced by multiple envelope stress responses and implicated in OMP folding (induced 25.4-fold by the cpxA24 allele and 2.0-fold by NlpE overexpression) (Fig. 3G) (32, 63) . The ppiA gene encodes a peptidyl-prolyl isomerase that facilitates envelope protein folding (induced 2.3-fold by the cpxA24 allele and 2.1-fold by NlpE overexpression) (Fig. 3H) (34, 47) . The cpxRA locus encodes the CpxR response regulator and CpxA histidine kinase that together regulate the Cpx envelope stress response (induced 2.0-fold by the cpxA24 allele and 2.6-fold by NlpE overexpression) (Fig. 3I) (67) . Finally, the rpoErseABC operon encodes E and its regulators, which control the OMP biogenesis-sensitive E envelope stress response (repressed 57.2-fold by the cpxA24 allele and 3.1-fold by NlpE overexpression) (Fig. 4B) (21, 23, 53) .
A second subgroup of strongly Cpx-regulated promoters constituted those genes known for their collective Cpx-dependent induction in response to lethal copper stress (82, 83) . The ycfS, yebE, ftnB, yccA, yqjA, and efeU genes encode proteins of mostly unknown functions. Interestingly, ycfS and yebE were upregulated by the cpxA24 allele and by NlpE overexpression to a level comparable to that of cpxP (ycfS is upregulated 93.3-fold by the cpxA24 allele and 45.4-fold by NlpE overexpression [Fig. 3A] ; yebE is upregulated 84.2-fold in response to the cpxA24 mutation and 17.7-fold when NlpE is overexpressed [ Fig. 3B] ). The yccA and yqjA genes were also strongly activated by the cpxA24 mutation (average 30-to 24-fold, respectively) and overproduction of NlpE (average 4-to 7-fold, respectively) ( Fig. 3D and E) . Interestingly, both yccA and yqjA have been implicated in envelope functions. The yccA gene product influences the function of the FtsH inner membrane protease, while strains bearing the yqjA yghB double mutation, another uncharacterized gene, possess altered phospholipid levels and display cell division phenotypes (42, 43, 80) . The ftnB gene, in addition to being copper regulated, has been implicated in iron sequestration by virtue of its homology to other ferritin proteins (81) . We showed that ftnB expression is induced an average of 100-fold and 8-fold by the cpxA24 mutation and NlpE overexpression, respectively (Fig. 3C) . Another gene cluster that is copper regulated and implicated in iron metabolism was also strongly Cpx regulated: efeU::lux expression was diminished 16.1-fold by the cpxA24 allele and 4.6-fold by NlpE overexpression (Fig. 4C) . The efeUOB operon has recently been shown to encode an iron transporter (10, 30) .
Two other genes affected by both the cpxA24 allele and NlpE overexpression were aroK, which encodes a shikimate kinase involved in aromatic amino acid synthesis (29) , and ompF, which encodes a large outer membrane porin (71) . Expression of the aroK::lux reporter was diminished an average of 7-fold in the presence of the cpxA24 allele and 2.3-fold when NlpE was overexpressed (Fig. 4D) (Fig. 4A) . Genes that showed Cpx regulation via the cpxA24 mutation but not through NlpE overexpression. We found five gene clusters that showed altered regulation only in the presence of the cpxA24 allele. These genes included the uncharacterized, copper-responsive genes ybaJ and ydeH, the curlin regulatory genes csgDEFG, another gene involved with aromatic amino Because ybaJ, ydeH, csgDEFG, aroG, and acrD were shown to be Cpx regulated only by the constitutively activated Cpx system and not by the overexpression of NlpE, this suggests that these genes are not strongly Cpx regulated. Two genes originally identified as Cpx-regulated genes based on copper homeostasis microarray assays, ybaJ and ydeH, showed an average induction of lux activity greater than 15-fold in the cpxA24 mutant relative to wild type ( Fig. 5A and B) . However, no significant differences (more than twofold) in ybaJ or ydeH gene expression were observed when NlpE was overexpressed ( Fig. 5A and B) . Originally the components of curli encoded by the csgBAC operon were suggested to be under Cpx regulatory control (25) . However, our csgBAC::lux reporter consistently showed background levels of luminescence activity, despite several attempts with various media and experimental conditions (data not shown). Later, it was established that the Cpx response was acting directly on the csgDEFG operon, in which csgD encodes regulatory components for the csgBAC operon (40, 62) . We observed that only the strongly Cpx-inducing cpxA24 allele altered luminescence of the csgDEFG::lux reporter, an average of eightfold (Fig. 5C) . aroG, which encodes a protein involved in the first step of aromatic amino acid synthesis, also showed repressed expression only in the presence of the cpxA24 mutation (average sixfold); the overexpression of NlpE did not elicit a significant change in gene expression (Fig. 5D ). The transcription of acrD was upregulated approximately fivefold by the cpxA24 mutation, and we observed that NlpE overexpression had no significant effect on acrD::lux expression (Fig. 5E ). The mdtABCD operon shows Cpx regulation only through NlpE overexpression. Among all the Cpx regulon members tested, the mdtABCD operon appears to be in a unique category of its own. As previously observed, we found that deletion of cpxR had very little effect on expression of the mdtABCD::lux reporter (data not shown). In the presence of the cpxA24 allele, mdtABCD expression was unaffected ( Fig.  1 and 6 ). Strikingly, we witnessed a 25-fold decrease in FIG. 5 . The ybaJ, ydeH, csgDEFG, aroG, and acrD genes are regulated only by the cpxA24 allele. The promoters of ybaJ (A), ydeH (B), csgDEFG (C), aroG (D), and acrD (E) were fused to a luxCDABE reporter cassette and transformed into MC4100 (wild-type), TR10 (cpxA24) (gray bars), NLP7 [MC4100(pBR322), the vector control (VC) strain for NlpE overexpression], and NLP8 [MC4100(pLD404), the NlpE overexpression (OXP) strain] (white bars). Reporter gene expression was measured at mid-to late log phase (OD 600 of 0.6 to 0.8) and reported as CPS, corrected for cell density (OD 600 ). Actual CPS/OD 600 values are indicated above each bar. Each assay was performed in triplicate and repeated at least twice. The data from one experiment are reported as average CPS/OD 600 values. Error bars account for the standard deviations from the means.
FIG. 6.
The mdtABCD operon is strongly downregulated by NlpE overexpression and not by the cpxA24 allele. The promoter of mdtABCD was fused to a luxCDABE reporter cassette and transformed into MC4100 (wild type), TR10 (cpxA24) (gray bars), NLP7 [MC4100(pBR322), the vector control (VC) strain for NlpE overexpression], NLP8 [MC4100(pLD404), the NlpE overexpression (OXP) strain] (white bars), and cpxR null strains carrying either pBR322 or pLD404. Reporter gene expression was measured at mid-to late log phase (OD 600 of 0.6 to 0.8) and reported as CPS, corrected for cell density (OD 600 ). Actual CPS/OD 600 values are indicated above each bar. Each assay was performed in triplicate and repeated at least twice. The data from one experiment are reported as average CPS/OD 600 values. Error bars account for the standard deviations from the means. (Fig. 6) . Surprisingly, this inhibition was dependent on CpxR, suggesting that NlpE induction of the Cpx response, but not mutational activation, leads to repression of mdtABCD expression (Fig. 6) . Genes for which expression is unaltered by the cpxA24 allele or NlpE overexpression. Several proposed members of the Cpx regulon exhibited weak, ambiguous, or no regulation by the Cpx system in this study. These included the ompC, ppiD, and ung genes. The ompC reporter showed only a slight increase (1.4-fold) in the constitutively active cpxA24 strain, and we observed no differences in luminescence levels when NlpE was overexpressed (Fig. 7B) . Although ppiD has been reported to be part of the Cpx regulon (19) , our data showed that neither the strong cpxA24 allele nor NlpE overexpression had any effect on ppiD::lux expression, even though this reporter was definitely expressed (Fig. 7C) . The ung gene, encoding uracil-N-glycosylase, has been reported to be both positively and negatively regulated by the Cpx response (23, 56) . Expression of our ung::lux reporter was increased less than twofold by the cpxA24 mutation (Fig. 7A ). Overexpression of NlpE had little effect on ung::lux expression, which suggests that the Cpx envelope stress response has a very weak or no effect on ung expression in our strain background. lux reporters that were not expressed. We constructed two lux reporters that were not expressed under the conditions used in our studies. The mviM::lux and secA::lux fusions yielded levels of luminescence at or below that of the background (data not shown). In the case of mviM, a putative virulence factor, and secA, which is required for activity of the general secretory apparatus, the promoters required for transcription are ill defined and may actually be upstream of the 5Ј genes (70) . Therefore, the putative phosphorylated CpxR binding sites identified through bioinformatics directly upstream of these genes may not actually be valid since they are apparently not located near a promoter.
The effect of the Cpx response on transcription of the motility regulon. It has been suggested that the Cpx system acts directly to repress the class III motility genes encoding the flagellar motor and chemotaxis proteins (motAB-cheAW, tsr and aer) (22, 23) . We constructed lux reporters to monitor expression of the motAB-cheAW, tsr, and aer promoters. Since our MC4100 laboratory strain is nonmotile, we evaluated Cpx regulation of these constructs with a motile E. coli strain, W3110. Motility assays showed that the introduction of the cpxA24 mutation severely impaired motility compared to that of the wild-type W3110 strain (data not shown), which is in agreement with previously published data (22) . We then separately transformed the lux reporters for the motAB-cheAW, tsr, and aer genes into the W3110 wild-type and cpxA24 mutant backgrounds, as well as the cpxP::lux reporter to act as a positive control. The lux assays demonstrated mild negative Cpx regulation of the motAB-cheAW, tsr, and aer lux reporters in the cpxA24 strain background relative to that of the wild type, as previously reported (Fig. 8) (22, 23) .
lux reporter expression reflects in vivo Cpx regulon transcription. In order to confirm our observations with the lux reporter library, we chose two positively Cpx-regulated genes (cpxP and degP), two negatively Cpx-regulated genes (ompF and aroK), and two genes for which we observed no Cpx regulation (ompC and ppiD) and measured their transcript levels in wild-type, cpxR null, and cpxA24 genetic backgrounds by using quantitative PCR. Transcript levels were measured, quantified, and reported as log differences between the wildtype and the cpxA24 mutant (Fig. 9) , relative to smpA, a gene that we showed was not Cpx-regulated, using an smpA::lux reporter (data not shown; see Materials and Methods). Transcript levels measured by qPCR analysis of the cpxA24 mutant relative to the wild-type strain largely mirrored what we observed with our lux reporters. The greatest differences in expression in the cpxA24 background were observed for the cpxP, degP, and ompF genes, which is consistent with our lux data (Fig. 9) . The aroK gene transcripts were moderately diminished in the cpxA24 background, relative to the level in the wild   FIG. 7 . The ung, ompC, and ppiD genes are weakly or not Cpx regulated. The promoters of ung (A), ompC (B), and ppiD (C) were fused to a luxCDABE reporter cassette and transformed into MC4100 (wild-type), TR10 (cpxA24) (gray bars), NLP7 [MC4100(pBR322), the vector control (VC) strain for NlpE overexpression], and NLP8 [MC4100(pLD404), NlpE overexpression (OXP) strain] (white bars). Reporter gene expression was measured at mid-to late log phase (OD 600 of 0.6 to 0.8) and reported as CPS, corrected for cell density (OD 600 ). Actual CPS/OD 600 values are indicated above each bar. Each assay was performed in triplicate and repeated at least twice. The data from one experiment are reported as average CPS/OD 600 values. Error bars account for the standard deviations from the means.
FIG. 8. The
Cpx response influences motility gene expression. In a motile E. coli background (W3110), the motAB-cheAW, tsr, and aer promoters fused to lux reporters show mild repression in the presence of the strong Cpx-inducing cue (W3110 carrying the cpxA24 allele). The cpxP::lux promoter reporter was utilized as a positive control. Reporter gene expression was measured at mid-to late log phase (OD 600 of 0.6 to 0.8) and reported as CPS, corrected for cell density (OD 600 ). (Fig. 9) . Similarly, ompC expression appeared to be weakly upregulated in the cpxA24 background, again, as observed with the ompC::lux fusion (Fig.  9) . In contrast to what we observed with the ompC::lux and aroK::lux reporters, the qPCR results indicated that the presence of the cpxA24 allele led to similar changes in ompC and aroK mRNA levels (Fig. 9 ). These data suggest that the posttranscriptional effects that our lux reporters could not detect may influence expression of either ompC or aroK or expression of both. Finally, the ppiD gene showed no significant changes in expression in either the cpxR null or cpxA24 genetic backgrounds, relative to that of the wild type (Fig. 9 ).
As several of the genes tested were shown to be induced by elevated levels of external copper, we selected three of these genes together with the cpxP::lux reporter and tested the effect of copper on their expression (82, 83) . We found that our lux reporters (cpxP::lux, ycfS::lux, ftnB::lux, and yebE::lux) assayed in ion-deprived media were induced in the presence of nonlethal amounts of copper (i.e., 50 M copper in minimal media pretreated with Chelex-100; data not shown), thus confirming that the Cpx system is induced by elevated external levels of copper. Taken together, the results from the qPCR and copper induction lux assays demonstrate that our lux reporters accurately reflected what occurred at the level of transcription.
Analysis of envelope stress response overlap. To date, six gene clusters of the Cpx regulon have been demonstrated to be under the control of other envelope stress response systems. The degP, rpoE-rseABC, ompC, ompF, and yqjA genes are regulated by the E envelope stress response, and the Bae pathway controls spy gene expression (16, 18, 23, 59, 63) . Additionally, the psd and ftnB (recently renamed from yecI) genes have been reported to contain E consensus promoters, but little evidence exists for their regulation by E (69) . Furthermore, it has been reported that Cpx pathway activation can negate some effects of eliminating E and that the Cpx response has been shown to modulate BaeR-mediated transcription activation (13, 36) , suggesting that there might be substantial overlap among envelope stress responses. To address this question, we introduced our lux reporter library into strains carrying the pND12 plasmid, which overexpresses E (16), or the baeS1 mutation, which constitutively activates the Bae response (63) , and the appropriate control strains. We did not analyze the motility genes in these experiments.
As expected, the degP::lux reporter was upregulated by E overexpression, showing twofold differences (Fig. 10) . Similarly, yqjA showed strong E regulation ( Fig. 10 ) (18). We did not detect altered expression of the ompF-lux or ompC-lux reporters in our experiments, although these genes have been reported to be negatively regulated by E (69) . This may reflect the fact that our experiments were performed in rich media, while past studies were carried out in minimal media, or differences in the strength of the E overexpression vectors used. Alternatively, since the effects of E on ompF and ompC are mediated through sRNAs, it may be that our lux fusions are not as sensitive to this type of regulation (31) . An additional eight gene clusters were E regulated in this assay. The majority of this regulation was negative (ycfS, yebE, ftnB, yccA, yqjA, ydeH, ybaJ, and efeU), with only the aroG promoter showing positive regulation by E (Fig. 10) . The negative regulation varied between 1.5-fold (yccA) and 19.4-fold (yqjA), while aroG was 2.2-fold upregulated when E was overexpressed (Fig. 10 ). Among the 28 lux reporters assayed, none that had not previously been shown to be Bae regulated demonstrated changes in expression in the constitutively activated baeS1 background compared to that in the wild-type strain MC4100. The acrD::lux, mdtA::lux and spy::lux reporters showed 7-, 70-, and 78-fold increases in expression in the presence of the baeS1 allele, as expected (3, 54, 63) (data not shown). FIG. 9. qPCR analysis of cpxP, degP, ompF, aroK, ompC, and ppiD transcript levels. RNA was isolated from late log (OD 600 of 0.8) cultures of MC4100 and TR10 (cpxA24) and converted to cDNA. The cDNA was subjected to qPCR analysis, and PCR product was quantified as described in Materials and Methods. The data are presented as the log 10 of the relative quantity of PCR product present in the cpxA24 strain compared to that in the wild-type strain (MC4100).
FIG. 10. The Cpx and
E envelope stress responses reciprocally regulate the ycfS, yebE, ftnB, yccA, yqjA, ydeH, ybaJ, and efeU genes. Luminescence produced by the indicated lux reporters was measured in the wild-type, cpxA24, vector control, and E overexpression strains. The average CPS corrected for the OD 600 value was determined based on three replicates, Cpx activation (white bars) was determined by dividing the average CPS/OD 600 value in the cpxA24 by the CPS/OD 600 value obtained with MC4100, and the E (gray bars) was determined by dividing the average CPS/OD 600 value in the E overexpression background by the CPS/OD 600 value obtained in the vector control strain.
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The copper-regulated Cpx regulon genes play roles in other known phenotypes associated with the Cpx response. A subset of genes that we identified here as bona fide Cpx regulon members are "y" genes known mostly only for their Cpx-dependent induction in response to elevated copper ion concentrations (82, 83) . Our results predict that they might play roles in previously identified Cpx-related phenotypes, such as biofilm formation (40) and adaptation to alkaline pH (15) . To determine if this was true, we assayed the copper-regulated Cpx regulon "y" gene mutants for their abilities to form biofilms in 96-well microtiter plates, as well as for their sensitivities to copper and alkaline pH.
To ascertain sensitivity to copper, we spotted 5 l of an overnight culture and various serial dilutions of wild-type BW25113 and strains bearing mutations in the cpxR, ydeH, yccA, ycfS, yebE, yqjA, and ybaJ genes onto BHI plates containing 4 mM or 8 mM copper chloride. All strains grew well on 4 mM CuCl 2 . As previously shown (82), the cpxR null strain was copper sensitive and failed to grow on plates containing 8 mM CuCl 2 . Of the strains carrying individual mutations in the copper-regulated ydeH, yccA, ycfS, yebE, yqjA, and ybaJ genes, none exhibited a detectable copper-sensitive phenotype. Given that all of these genes have previously been shown to be induced by copper (82, 83) , this was surprising. Our results suggest that no single gene is responsible for resistance to copper but, rather, that multiple gene products may be involved in adaptation to this toxic element.
We next examined sensitivity to alkaline pH, since the Cpx response has been implicated in resistance to this stress (15) . We grew the wild-type BW25113 strain and its isogenic derivatives bearing mutations in cpxR or the ydeH, yccA, ycfS, yebE, yqjA, and ybaJ copper-regulated Cpx regulon genes in LB medium buffered at pH 7.0 or 9.2 and monitored growth. As previously demonstrated, the cpxR null strain was sensitive to alkaline pH and failed to grow at pH 9.2 (Fig. 11A) . Of the remaining mutants, only the yqjA mutant demonstrated a phenotype under these conditions. Deletion of yqjA resulted in a strain that was as sensitive to alkaline pH as the cpxR mutant (Fig. 11A) , indicating that it plays a critical role in adaptation to this stressor.
Finally, we analyzed the ability of the wild-type 2K1056 strain and those bearing mutations in the same genes as described above to form biofilms by using a 96-well microtiter plate assay (61) . In addition, we included strains bearing mutations in cpxR, dsbA, fimA, and csgB as positive controls, as these genes have been shown to influence biofilm formation. As previously observed, we found that the cpxR, dsbA, fimA, csgB, and ybaJ mutants exhibited defects in early biofilm formation (Fig. 11B) (5, 25, 27, 57, 61) . In addition, yccA, yebE, and ycfS exhibited modest decreases in biofilm formation in this assay (Fig. 11B) , suggesting that they may also contribute to early biofilm formation.
DISCUSSION
Cpx-regulated genes influence envelope protein folding, biofilm formation, limitation of noxious molecules, and undefined envelope functions. In this study, we identified a set of Cpxregulated genes that were induced or repressed at least twofold by either the strong, gain-of-function cpxA24 allele or the weaker inducer, NlpE overexpression from the plasmid pLD404, or both (Fig. 1) . Interestingly, most of these genes can be subdivided into two broad categories, those involved with envelope protein maintenance and those, mostly of unknown function, shown to be induced in a Cpx-dependent fashion by copper stress (Table 1 ; Fig. 1) (82, 83) . We have already discussed those genes previously implicated in envelope protein folding functions (see Results). Of those genes, cpxP is the most sensitive to Cpx-activating conditions, followed by rdoAdsbA, degP, psd, rpoE-rseABC, spy, ppiA, and cpxRA. Our comparison of the expression profiles of ppiA and cpxRA, relative to those of the remainder of the Cpx regulon, suggests that these two gene clusters are only moderately responsive to Cpx regulation. The reason for the dampening of the E envelope stress response by the Cpx response is not currently clear. This may represent an energy conservation measure; i.e., the cell controls the number of envelope stress responses that are induced at any one time. Alternatively, it may be that the E response affects expression of some genes in a way that is detrimental during times when the Cpx response is induced. In this regard, it is striking that we find that almost all of the copper-responsive genes are upregulated by the Cpx response but are downregulated by the E response ( Fig. 10 ) (see below).
Interestingly, a second group of strongly Cpx-regulated genes consisted of a set of genes known mostly only for their Cpx-dependent induction in response to toxic levels of copper (ycfS, yebE, ftnB, yccA, yqjA, and efeU). Among these, the ycfS and yebE genes were induced by the cpxA24 mutation and NlpE overexpression to levels comparable to those of cpxP ( Fig. 1, 2, and 3 ). This is striking because cpxP has been shown to be the most strongly Cpx-regulated regulon member (Fig. 1,  2 ) (24) . YcfS is predicted to be localized to the periplasm and contains a potential inner-membrane-anchoring sequence together with a LysM motif predicted to confer interaction with peptidoglycan (41) . YebE is predicted to be a single-pass inner membrane protein. Two other genes, yccA and yqjA, were also induced strongly in the presence of the cpxA24 allele or the overexpressed NlpE ( Fig. 1 and 3) . YccA is an inner membrane protein with seven transmembrane domains, and it has been implicated in FtsH-mediated proteolysis of inner membrane proteins (42, 43) . YqjA is also predicted to be a polytopic inner membrane protein, and mutations of yqjA and yghB (uncharacterized function) lead to altered levels of phospholipids in the inner membrane and cell division defects (80) . Interestingly, cpxA* mutants are known to possess cell division defects, so it seems possible that aberrantly high levels of yqjA transcription may be involved in this phenotype (58) . The strong Cpx regulation of ycfS, yebE, yccA, and yqjA, together with preliminary studies and cellular locations linking their products to the envelope, argues that they too may play a role in the process of adapting to periplasmic protein misfolding. Interestingly, of all of the copper-regulated Cpx regulon genes analyzed in this study, only these four exhibited phenotypes previously shown to be associated with the Cpx envelope stress response. A yqjA mutant was as sensitive to alkaline pH as a cpxR mutant (Fig. 11A) , and the yccA, yebE, and ycfS mutants displayed slightly diminished biofilm formation in a 96-well plate assay (Fig. 11B) . Although we are still unable to comment on the specific functions of these genes, these observations implicate them in processes known to be influenced by the Cpx response and not just copper adaptation, suggesting that they may indeed share similar functions with other Cpx regulon members.
Two other copper-regulated genes showed more moderate Cpx regulation. We witnessed the activation of transcription of ybaJ and ydeH only in the presence of the cpxA24 allele ( Fig. 1  and 5 ). YdeH shows homology to diguanylate cyclases and contains the highly conserved GG[D/E]EF motif characteristic of these enzymes (26) . Diguanylate cyclases are involved in synthesis of the ubiquitous signaling molecule cyclic di-GMP, which is implicated in a wide variety of processes, including virulence, biofilm formation, and motility (39) . Our observations suggest that ydeH is not involved in the early stages of biofilm formation (Fig. 11B) ; however, it will be interesting to determine if this moderately Cpx-regulated gene is involved in virulence and/or motility, to which the Cpx response has also been linked. Another moderately Cpx-regulated gene cluster, csgDEFG, encodes the regulator of curlin biosynthesis, CsgD. The curli adhesin, like di-guanylate cyclases, is also implicated in biofilm formation (62) . Furthermore, ybaJ expression has been shown to be upregulated in glass wool biofilms, and its mutation leads to diminished biofilm formation, conjugation, and aggregation, concurrent with increased motility (Fig.  11B) (5, 68) . These observations, coupled with those described above, provide support for a role for the Cpx response in biofilm formation.
The ftnB gene, encoding a putative iron-storing ferritin, is also induced by copper in a Cpx-dependent fashion (82) . We show here that ftnB is strongly Cpx regulated ( Fig. 1 and 3) . Limiting iron levels is a common response to multiple stresses and likely reflects the ability of this metal to inflict damage on macromolecules through production of harmful oxygen radicals. Thus, in the context of the Cpx envelope stress response, upregulation of this putative iron storage protein may represent an effort to limit further damage to proteins by limiting the possible production of oxygen radicals. In support of this theory, we also showed that the efeUOB operon is strongly repressed by the Cpx response ( Fig. 1 and 4) . The efeUOB operon is also copper regulated and is proposed to encode an iron import system (10, 30) . Iron may not be the only potentially toxic chemical that the Cpx response attempts to limit FIG. 11 . (A) The Cpx-regulated yqjA gene is involved in adaptation to alkaline pH. Overnight cultures of wild-type BW25113 and the isogenic yqjA mutant were subcultured in LB broth with 100 mM phosphate buffer (pH 7) and allowed to grow at 37°C with shaking for 2 h. The bacterial cells were pelleted and resuspended in nonbuffered LB to the original culture volume and then diluted (1:20) in LB buffered with 100 mM phosphate buffer at either pH 7 or pH 9.2. Cultures were allowed to grow at 37°C with shaking, while the OD 600 was monitored over the course of 4 h. (B) The Cpx-regulated genes dsbA, ybaJ, yccA, yebE, and ycfS contribute to biofilm formation in 96-well polystyrene microtiter plates. Single colonies were inoculated in 200 l of LB broth in a 96-well microtiter plate in triplicate and grown statically at room temperature for 48 h. Biofilm staining and quantification was performed as previously described (61 Fig. 1 and 4) . OmpF is downregulated by multiple stresses to the cell, and it is generally thought that this reflects an effort to limit the entry of noxious substances that may impose further stress (60) . The Cpx response regulates genes involved in aromatic amino acid biosynthesis in a strain-dependent fashion. Two genes involved in aromatic amino acid biosynthesis, aroK and aroG, were shown here to be repressed approximately 6-fold in the presence of the strongly activating cpxA24 allele (Fig. 1, 4 , and 5). Thus, it appears that, in MC4100, aromatic amino acid biosynthesis is downregulated in the presence of a very strong Cpx-inducing cue. Both aroG and aroK appear to be relatively weakly regulated, since aroK was repressed only 2.3-fold by NlpE overexpression (Fig. 4D) and aroG was not affected by NlpE overexpression at all (Fig. 5D) . Although it is weak, the Cpx regulation of aroK and aroG is likely direct, since CpxR has been shown to bind upstream of at least aroG ( Fig. 1) (82) . Downregulation of amino acid biosynthesis might be a general strategy to diminish protein traffic in the envelope during times of stress.
Previously, in contrast to our results, transcription of aroK was shown in an MG1655 strain background to be weakly positively regulated by the Cpx envelope stress response (23). When we introduced our aroK::lux reporter into MG1655 strains, we noted an average 15-fold decrease in expression in the cpxR null strain compared to that in the wild type (data not shown), thus confirming the positive regulation of aroK by the Cpx response in the MG1655 background, as reported by De Wulf et al. (23) . Similarly, we found that, while the expression of aroG is negatively regulated by the Cpx envelope stress response in MC4100 (Fig. 5D ), it showed a sevenfold decrease in luminescence in the MG1655 cpxR null strain relative to that of the wild-type control (data not shown). Presently, we cannot say what the strain difference is between MC4100 and MG1655 that leads to the observed reciprocal effects on aroK and aroG expression, but both sets of data implicate the Cpx response in the control of aromatic amino acid biosynthesis and highlight previously observed differences between K-12 strains.
NlpE overexpression negatively regulates efflux pump expression. We observed a moderate upregulation of acrD expression in the presence of the cpxA24 allele (Fig. 5E ), while the mdtABCD operon was unaffected (Fig. 6) . Hirakawa et al. recently showed that deletion of cpxA had no effect on mdtA expression but led to a fourfold increase in that of acrD (36) . Since the Cpx pathway is induced in cpxA null mutants due to phosphorylation of CpxR by small-molecular-weight phosphodonors (17) , these data indicate that activation of the Cpx response moderately stimulates acrD, but not mdtABCD, expression and is in close agreement with our observations. CpxR can bind upstream of BaeR at both the acrD and mdtABCD gene clusters, and genetic analysis indicates that CpxR functions to modulate the BaeR-mediated transcription activation of these genes but plays little role in the induction process in the absence of Bae pathway activation (36) . Our data support these conclusions and suggest that, in the absence of activation of the Bae response, the Cpx pathway has a weak positive effect on acrD expression and no effect on mdtABCD transcription. Curiously, we observed that NlpE overexpression had a significant negative influence only on expression of the mdtABCD operon (Fig. 6) . Furthermore, this effect was CpxR dependent (Fig. 6) . Why then does the cpxA24 allele not inhibit mdtABCD expression? At present, the only logical explanation is that another signal transduction pathway is involved which works together with the Cpx response to downregulate mdtABCD expression when NlpE is overexpressed. This would be akin to the situation observed when both the Cpx and the Bae responses are induced, leading to the activation of mdtABCD expression, except that in this case, induction of the Cpx response and the other unknown pathway would lead to repression.
ung, ompC, and ppiD are weakly regulated, or not regulated, by the Cpx response in MC4100. The ung, ompC, and ppiD lux reporters were minimally affected by Cpx pathway activation (less than twofold) (Fig. 7) , suggesting that these genes are weakly, or not, regulated by the Cpx envelope stress response. Batchelor et al. witnessed threefold increases in expression of a fluorescent ompC::cfp reporter when NlpE was overexpressed or a cpxA* allele was present (6). Thus, both sets of experiments predict that ompC is positively regulated by the Cpx response in either a moderate or a weak manner. ppiD was identified as a Cpx regulon member based primarily on its induction in the presence of overexpression of a putative phosphatase, PrpA, that was suggested to regulate Cpx signal transduction (19) . There is also a predicted CpxR consensus binding site located upstream of the 70 promoter, although CpxR has not been demonstrated to bind there (19, 23) (Fig. 1) . Previous studies demonstrated that elimination of CpxR had little effect on the expression of a ppiD::lacZ reporter, while a cpxAT252R* mutation that constitutively activated the Cpx response caused an approximate threefold increase in its expression (19) . Since both sets of experiments were performed in an MC4100 background, the only explanation we can offer here is that the cpxA* allele used by Dartigalongue and Raina was much stronger than ours, enabling an effect on ppiD expression to be seen. If ppiD is regulated by the Cpx response, it must be very weakly regulated, since cpxA24 is one of the most strongly characterized cpxA* alleles and it seemingly has no effect (Fig. 7C) . De Wulf and colleagues showed weak positive regulation of the ung gene (23), while Ogasawara et al. showed that strains overexpressing CpxR exhibited an elevated mutation rate that could be explained by direct binding of CpxR to, and repression of transcription from, the ung promoter region (56) . We suspect that since the evidence presented by Ogasawara et al. (56) for repression of ung transcription is very convincing, the differences we and De Wulf and colleagues observed are due to fundamental strain differences, similar to what we observed with aroK and aroG expression (see above).
Cpx and E , but not Cpx and Bae, regulons exhibit a significant degree of overlap. One of the most striking findings of this study was the inverse regulation of copper stress genes by the Cpx and E envelope stress responses. While the Cpx response upregulates all of the copper stress genes, the E response downregulates the great majority of them (Fig. 10 ). Only one of the genes, yccA, found to be copper regulated by the Cpx response in this study, was not significantly downregulated by E . It is possible that this negative effect is due to the overexpression of E outcompeting 70 for core RNAP; how-ever, we do not believe this to be the case, since most reporters were unaffected by E overexpression. Another explanation we considered was that since Cpx envelope stress response induction simultaneously downregulated rpoE-rseABC transcription and upregulated expression of the copper stress genes, the Cpx response might facilitate positive regulation of the copper stress genes simply by downregulating rpoE-rseABC expression (Fig. 4) . However, this is unlikely since phosphorylated CpxR has been shown to bind the DNA upstream of the copper stress genes (82) . Instead, it is tempting to conclude that the inverse regulation of the copper genes by the E and Cpx envelope stress responses reflects some function of these genes that is detrimental to OMP assembly and/or beneficial for dealing with misfolded periplasmic proteins. At present, we cannot say what this function might be.
Last, we uncovered no new genes that were coregulated by the Cpx and Bae envelope stress responses. These experiments indicate that the extent of overlap between Cpx and Bae regulon members is quite limited and suggest that these individual envelope stress response systems serve discrete, unique cellular roles.
CpxR binding site consensus or orientation does not define the strength of Cpx gene regulation, but its location is important. An overall comparison of our results showed that the orientation and degree of consensus of the CpxR binding site does not determine the strength of Cpx regulation (Fig. 1) . The location of the CpxR binding site, however, does seem to be important. With the exception of psd, genes shown to be Cpx regulated by both the cpxA24 allele and NlpE overexpression possess a CpxR binding site within 100 bp upstream from the transcriptional start site (Fig. 1) . We found only one exception to this rule: the ung gene contains a CpxR binding site within 100 bp of the transcriptional start site, but we show here that this gene is weakly or not Cpx regulated (Fig. 7) . Thus, the presence of a CpxR binding site within 100 bp of the transcriptional start site is positively correlated with strong Cpx regulation.
The extent of matching to the CpxR consensus binding site 5ЈGTAAAN 5 GTAAA 3Ј does not appear to be predictive. For example, two of the three genes that showed the strongest Cpx regulation (ycfS and yebE) have one (ycfS) to three (yebE) nucleotide changes in the proposed (and demonstrated) CpxR binding site consensus sequence. Conversely, the aroK consensus binding site is a perfect match, but aroK appears to be only weakly Cpx regulated (Fig. 1) . Orientation of the CpxR binding site is also nondefinitive for strength of Cpx regulation. In examining all of the genes that showed strong Cpx regulation, half of them contain a CpxR consensus binding site that is oriented in a forward direction (ftnB, rdoA-dsbA, yccA, yqjA, psd, ppiA, cpxRA, and aroK), while the other half have CpxR binding sites oriented in the reverse orientation (cpxP, ycfS, yebE, degP, spy, ompF, rpoE-rseABC, and efeU), relative to transcription. Furthermore, several of these genes have CpxR binding sites in both orientations (cpxP, degP, and cpxRA) (Fig.  1) . Together, these findings suggest that the orientation of the CpxR binding site in the promoter region does not determine the strength of regulation by the Cpx envelope stress response.
How does CpxR activate transcription? Comparison of CpxR binding sites in the context of our data, however, does provide some interesting theories regarding the mechanism of transcription activation by CpxR. Since, among response regulators, CpxR is most similar to OmpR, it seems likely that it activates transcription through interactions with the alpha subunit of RNAP (50) . The variable orientations of the CpxR binding site suggest that perhaps CpxR can contact more than one face of the alpha subunit, similar to CAP (44) . An alternative explanation is that CpxR can form both symmetrical and head-to-tail dimers. Finally, with the exception of the ompF gene, it appears that for genes that are strongly regulated by other regulators (e.g., BaeR regulation of the acrD and mdtABCD genes and OmpR regulation of the ompC gene), CpxR may play an accessory role, since Cpx' effects on these gene clusters are weak, at best. Perhaps CpxR facilitates or stabilizes DNA binding or RNAP interactions of the other regulator at these promoters.
